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Eighty five pounds (39 kg) of a chromium-7% molybdenum-2% tantalu&-0.09% 
carbon-0.1% yttrium plus lanthanum alloy were produced in various forms, prin- 
cipally sheet. The alloy was induction melted, cast, extruded, rolled, and 
annealed. 
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SUMMARY 

The primary purpose of t h i s  program was  to  provide e igh ty  f i v e  pounds (39 kg) 
of a chromium-molybdenum-tantalum-carbon-yttrium-lanthanum a l l o y  i n  var ious  forms, 
p r i n c i p a l l y  s h e e t ,  f o r  use i n  o t h e r  s t u d i e s .  The a l l o y  w a s  induct ion  melted,  
c a s t ,  extruded,  r o l l e d ,  and annealed. 

Control  of the composition dur ing  melt ing was  complicated by t h e  r e a c t i o n  
of t he  most a c t i v e  a l loy ing  elements,  y t t r i u m  and lanthanum, wi th  t h e  impur i t i e s  
i n  t h e  m e l t  and wi th  the  y t t r i a - s t a b i l i z e d  z i r c o n i a  c r u c i b l e .  Primary s o l i d i -  
f i c a t i o n  shr inkage ,  po ros i ty  and cracking  reduced t h e  y i e l d  of sound ingot  t o  
about 50% of the  amount melted.  

Small b i l l e t s ,  2-1/16" (5.24 cm) diameter ,  were extruded success fu l ly  i n t o  
r ec t angu la r  ba r s  a t  reduct ion  r a t i o s  of 3 .5: l  t o  4 .9 : l  a t  temperatures i n  the  
range of 2678°F (1740°K) t o  2863°F (1845°K). However, 5-1/16'' (12.85 cm) diam- 
e t e r  b i l l e t s  t o r e  when extruded i n t o  r ec t angu la r  ba r s  under s i m i l a r  condi t ions  
of reduct ion  r a t i o  and temperature.  No completely s a t i s f a c t o r y  condi t ions  f o r  
ex t ruding  the  l a rge  b i l l e t s  were found; poor y i e l d s  w e r e  obtained.  

The r o l l i n g  of t he  extruded ba r  t o  s h e e t  w a s  an involved process .  . 
Jacke t ing  was  required t o  p r o t e c t  t he  chromium a l l o y  from contamination. 
Differences i n  the  s t r e n g t h  of t he  chromium a l l o y  and t h e  j a c k e t  a t  r o l l i n g  
temperatures and the  d i f f e r e n t i a l  thermal con t r ac t ion  between them on cool ing  
tended t o  cause c racks .  The chromium a l l o y  was d u c t i l e  enough f o r  r o l l i n g  i n  
a l imi t ed  range of temperature.  A s  i n  t he  case  of t he  ex t rus ion  process ,  a 
r o l l i n g  process  t h a t  was success fu l  f o r  small  h e a t s  (ex t rus ions)  caused cracking 
f o r  t he  l a r g e r  h e a t s  ( ex t rus ions ) .  A s a t i s f a c t o r y  process  f o r  r o l l i n g  the  l a r g e  
ex t rus ions  t o  s h e e t  cons i s t ed  of warm r o l l i n g  a t  2372°F (1573°K) wi th  in te rmedia te  
anneal ing t rea tments  a t  2462°F (1623°K) and 2192°F (1473°K). 

The f a b r i c a t i o n  process  a f f e c t e d  the  t r a n s i t i o n  temperature;  seemingly 
minor changes i n  f a b r i c a t i o n  r e s u l t e d  i n  changes i n  t h e  t r a n s i t i o n  temperature 
of more than 700°F (388°K). 

The t r a n s i t i o n  temperature of t he  1/16" shee t  as f ab r i ca t ed  was about 
564°F (569°K). Annealing a t  2462°F (1623°K) increased  t h e  t r a n s i t i o n  temperature 
t o  more than 1112°F (873"K), bu t  increased  the  s h o r t  t i m e  e leva ted  temperature 
t e n s i l e  s t r e n g t h  s i g n i f i c a n t l y .  

- x i i i -  



-xiv- 



INTRODUCTION 

This report covers work that was a sequel to previous work (Reference 1). 
Both programs were similar in their purpose, scope and techniques. 

The primary purpose of both was to provide chromium alloy in various mill 
forms to be used in developmental work by NASA and its contractors. In both 
cases, a principal use was for coating development. 

The scope of both programs included the production of modest quantities 
of mill forms of chromium alloys by induction melting, casting, extruding, 
rolling and annealing and the developmental effort necessary for finding 
adequate melting and fabrication techniques. It was intended that the tech- 
niques which were satisfactory if not optimum in the first program be used as 
much as possible in the present work. A major difference between the programs 
was the composition of the alloys. The previous work involved a chromium- 
tungsten-yttrium alloy, while the present effort concerned a stronger and more 
complex chromium-molybdenum-tantalum-carbon-yttrium-lanthanum alloy. Melting 
and extruding were done at the Research and Development Center, and rolling and 
associated operations were done at Lamp Metals and Components Department. 
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MELTING AND CASTING 

General Approach t o  t h e  Melting Problem - The c h a r a c t e r i s t i c s  of  chromium- 
base a l l o y s  which must be considered i n  mel t ing and c a s t i n g  t h e s e  materials have 
been discussed previously,  ('1 and these  c h a r a c t e r i s t i c s  were assumed t o  be v a l i d  
f o r  t h e  p re sen t  program. 

The complexity of t h e  a l l o y  t o  be melted w a s  such t h a t  t he  program w a s  con- 
ducted i n  two phases. Phase I involved op t imiza t ion  of previously developed 
melt ing techniques,  and Phase I1 cons i s t ed  of t h e  melt ing and c a s t i n g  of f o u r  
100 pound (45.36 kg) ingo t s  necessary t o  produce t h e  d e s i r e d  q u a n t i t y  of f i n -  
ished m i l l  product.  

It w a s  f e l t  t h a t  consis tency from h e a t  t o  h e a t  i n  recovery of t h e  speci-  
f i e d  q u a n t i t y  of y t t r i u m  p lus  lanthanum i n  t h i s  a l l o y  would be d i f f i c u l t .  
Therefore,  p rov i s ion  was  made f o r  making f i v e  15 pound (6.8 kg) h e a t s  and one 
100 pound (45.36 kg) h e a t  with the  purpose of optimizing the  melt ing technique 
before  proceeding with t h e  production of t h e  required f o u r  100 pound (45.36 kg) 
ingots  . 

Two 15 pound (6.8 kg) h e a t s  w e r e  made us ing  d i f f e r e n t  mel t ing techniques.  
These two techniques w e r e  evaluated and the  b e t t e r  one used on t h e  next  series 
of t h r e e  15 pound (6.8 kg) h e a t s  t o  check f o r  consis tency.  After  eva lua t ing  
a l l  f i v e  15 pound (6.8 kg) h e a t s ,  a technique w a s  determined f o r  use on t h e  
Phase I 100 pound (45.36 kg) h e a t .  This technique proved t o  be success fu l ,  
and it w a s  used on t h e  remaining four  100 pound (45.36 kg) h e a t s .  

Equipment - Melting and c a s t i n g  operat ions were c a r r i e d  ou t  i n  two vacuum 
induct ion melt ing furnaces wi th  c a p a c i t i e s  f o r  mel t ing 50 and 200 pounds (22.68 
kg and 90.72 kg) of s teel  r e s p e c t i v e l y  and t i l t - p o u r i n g  w i t h i n  t h e i r  chambers. 
The common power source f o r  both furnace chambers was  a 200 KW, 1920 Hz motor 
generator  se t .  The lowest p re s su re  a t t a i n a b l e  i n  these  chambers w a s  15 microns 
t o  30 microns (2  N/m2 t o  4 N/m2) of mercury. 

Crucibles  were made of  z i r c o n i a ,  s t a b i l i z e d  with 8% y t t r i a ,  and w e r e  of 
s i z e s  t o  con ta in  15 pound and 100 pound (6.8 kg and 45.36 kg) m e l t s .  Pouring 
basins  and spouts  w e r e  made of l ime- s t ab i l i zed  z i r con ia .  

Molds cons i s t ed  of uniform d e n s i t y ,  coarse-grained l ime-s t ab i l i zed  z i r -  
con ia  tubes.  Tube s i z e  f o r  t he  100 pound (45.36 kg) molds was  5" (12.7 cm) 
i n n e r  diameter ( I D )  x 5-3/4" (14.6 cm) o u t e r  diameter (OD) x 20" (50.8 cm) 
long. The 15 pound (6.8 kg) mold tube cons i s t ed  of an ingot  s e c t i o n  2-1/4" 
(5.7 cm) I D  x 3" (7.6 cm) OD x 7" (17.8 cm) long and a h o t  t op  s e c t i o n  
2-1/2" (6.35 cm) I D  x 3" (7.6 cm) OD x 4-1/2" (11.4 cm) long. 

The mold se tup  f o r  t h e  100 pound (45.36 kg) ingo t s  has been descr ibed pre- 
v i o u s l y . ( l )  The 15 pound (6.8 kg) mold se tup  w a s  s i m i l a r  t o  t h e  l a r g e r  one. 
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M e l t  Stock - The r a w  materials used i n  mel t ing t h e  chromium-7% molybdenum- 
2% tantalum-0.09% carbon-0.10% y t t r ium p l u s  lanthanum a l l o y  are as follows: 

Chromium - "Elchrome H.P." e l  rom 
Union Carbide Corp 

Yttrium - Nuclear grade sponge obtained from Lunex Company 

Lanthanum - Nuclear grade ingot  obtained from Lunex Company 

Molybdenum - Pressed and s i n t e r e d  powder obtained from General Electr ic  
Company, Refractory Metals P lan t  

Tantalum - Double vacuum arc melted ch ips  obtained from National 
Research Corporation 

Carbon - Spectroscopic g r a p h i t e  rod obtained from National Carbon. 

Chemical a n a l y s i s  s p e c i f i c a t i o n s  and a c t u a l  l o t  analyses of t he  two l o t s  
of chromium used a r e  shown i n  Table I .  This t a b l e  a l s o  relates the  l o t  analy- 
s i s  t o  t h e  s p e c i f i c  i ngo t s  made from each l o t .  

Vendors' l o t  analyses of t he  tantalum, molybdenum, y t t r ium,  lanthanum, 
and carbon are given i n  Tables I1 through V I .  

P repa ra t ion  of t h e  Charge - Because of the poor packing f a c t o r  of e l e c t r o -  
l y t i c  chromium and t h e  r e s u l t i n g  poor coupling obtained i n  induct ion melt ing,  
i t  i s  necessary t o  b r i q u e t  t h i s  material .  For optimum charging of t h e  15 pound 
(6.8 kg) h e a t s ,  3-3/4" ( 9 . 5  cm) diameter b r i q u e t s  were required.  For the 
100 pound (45.36 kg) h e a t s ,  b r i q u e t s  of  2'' (5 .1 c m ) ,  3'' (7.6 cm), and 3-3/4" 
(9.5 cm) diameter were required i n  a d d i t i o n  t o  s e v e r a l  pounds of loose,  
unbriquet ted material .  

Because the  a n t i c i p a t e d  melt ing problems were concerned mainly with the  
recovery of t he  carbon, y t t r i um,  and lanthanum, t h e  d i f f e r e n c e s  i n  mel t ing 
techniques involved d i f f e r e n c e s  i n  the  method of  adding these  elements t o  t h e  
molten bath.  

The t h r e e  v a r i a t i o n s  i n  mel t ing technique used r equ i r ed  t h e  use of t h r e e  
methods of charge p repa ra t ion :  

a. Molybdenum, tantalum, and 0.5% y t t r ium were pressed i n t o  t h e  chromium 
b r i q u e t s  and included i n  t h e  i n i t i a l  c r u c i b l e  charge. This q u a n t i t y  
of y t t r i u m  w a s  added as a "ge t t e r "  f o r  oxygen and n i t rogen  and w a s  
not  expected t o  be r e t a i n e d .  Carbon, lanthanum, and t h e  y t t r ium 
a c t u a l l y  r equ i r ed  t o  m e e t  chemical s p e c i f i c a t i o n s  were added simul- 
taneously l a t e  i n  t h e  me l t ing  c y c l e ,  but  as ind iv idua l  elements. 
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TABLE I. - CHEMISTRY OF "ELCHROME HP" CHROMIUM 

E lement 

C 
S 
S i  
Fe 
0 
N 
H 
C r  

VENDOR'S ANALYSIS - (Union Carbide Corporation) 

Spec i f  i c a t  ion 
L i m i t  - w t . %  

Lot 37600 

0.008 max. 0.003 
0.008 max. 0.007 
0.02 max. 0.006 
0.02 max. 0.009 
0.015 max. 0.004 
0.010 max. 0.010 
0.0005 max. 0.001 

99.9 min. 99.95+ 

Lot 37610 I Lot 37600 I 

Lot 37610 

0.003 
0.009 
0.007 
0.012 
0.004 
0.006 
0.001 

99.95+ 

Heat N o .  983-30 
Heat No. 984-30 
Heat No. 994-30 
Heat No. 995-30 
Heat No. 996-30 
Heat No. 131-100 
Heat No. 138-100 
Heat No. 139-100 
Heat No. 140-100 (70 l b . )  

Heat No. 140-100 (20 l b . )  
Heat No. 141-100 

~ - ~~ 

TABLE 11. - TANTALUM CHIPS (Ingot  7433) 

VENDOR'S CHEMICAL ANALYSIS (National Research Corporation) 

Element 

0 
H 
C 
N 
A 1  
C r  
cu 
Fe 
Mg 

PPm ppm I Element 1 
37 
56 
15 
18 
<10 (ND) 
< 1  
< 1  

10 
< 1  

Mn 
Mo 
Na 
Nb 
N i  
S i  
Sn 
T i  
W 

< 1  
<10 (ND) 

-425 
9 

15 
< 1  
< 5  
<40 

-- 
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TABLE 111. - MOLYBDENUM 

Impurity 

A 1  
C a  
S i  
C r  
Fe 
N i  
cu 
W 
Mn 
Mg 
Sn 

VENDOR'S CHEMICAL ANALYSIS (General E lec t r ic  Company) 

Wt .% 
Lot Mos34 Lot Mos22 

Mix 3 Mix 2 

<o .001 <o .001 
<o .001 <o .001 

0.001 0.001 
<o -001 <o .001 

0.001 0.002 
<o .001 <o .001 
<o .001 0.001 

0.004 0.003 
<o .001 <o .001 
<o .001 <o ,001 
<o -001 <o .001 
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TABLE I V .  - NUCLEAR GRADE YTTRIUM SPONGE (GE-4-67) 

VENDOR'S CHEMICAL ANALYSIS (Lunex Company) 

Element 

Aluminum 
Beryl 1 ium 
Boron 
Cadmium 
Calcium 
C e  r ium 
Chromium 
Cobalt 
Copper 
Dy s pro s ium 
Erbium 
Europium 
Gadolinium 
Ho Im ium 
I r o n  
Lanthanum 
Lead 
Lithium 

PPm 

1* 
lo* 
5 0% 

5* 
200** 

50* 
1* 
1* 
1* 
5 'k 

loo* 
5* 
5* 

5 O* - - -  
- - -  

lo* 
l* 

Element 

Lutetium 
Magne s ium 
Manganese 
Neodymium 
Nickel 
N iob ium 
Pot ass ium 
Praseodymium 
Samarium 
S i l i c o n  
Sod ium 
Tantalum 
Terbium 
Thulium 
Titanium 
Vanad ium 
Y t t e r b  ium 
Zinc 
Z i r  con ium 

PPm 

5* 

l* 

l* 
50* 
l* 

5 O* 
5* 

50* 
5* 

5 O* 
5* 

1* 
5 O* 
5 O* 
20* 

-e- 

--- 

<5 0 

- - -  

* No p e r s i s t e n t  l i n e  
** C a  reported as  200 ppm because of  e l e c t r o d e  compartment 
- - -  Element i n t e r f e r e d  with, no value r epor t ed .  

Leco O2 480 ppm 

Kjeldahl  N2 2 ppm 
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TABLE V. - NUCLEAR GRADE LANTHANUM INGOT (GE-4-67) 

VENDOR'S CHEMICAL ANALYSIS (Lunex Company) 

Element 

A luminum 
Beryllium 
Boron 
Cadmium 
Cer iurn 
Calcium 
Chromium 
Cobalt 
Copper 
Dy sp r  o s ium 
Erbium 
Europium 
Gad o 1 i n  iurn 
Ho lmium 
I r o n  
Lanthanum 
Lead 
Lithium 

PPm 

1* 
lo* 
50* 
5* 

50* 
200** 

1* 
1* 
1* 
5* 

loo* 
5* 

< 15 
< 70 
<loo 

balance 
1 o* 
1* 

Element 

Lutetium 
Magne s ium 
Manganese 
Neodymium 
Nickel 
N iob ium 
Po ta  s s ium 
P r a se od ym ium 
Sama r ium 
S il icon 
Sod ium 
Tantalum 
Terbium 
T hu 1 ium 
T it a n  ium 
Vanad ium 
Ytterbium 
Zinc 
Z i r  con ium 

PPm 

5* 

1 't 
50* 
l* 

50* 
1* 

50* 
5* 

50* 
5 Jc 

1 o* 
50* 
5" 
1 'k 
1* 

5 OJC 
50'k 
20* 

<3 0 

* No p e r s i s t e n t  l i n e  
** Ca reported as  200 ppm because of e l e c t r o d e  compartment 
- - -  Element i n t e r f e r e d  with,  no value r epor t ed .  

Leco O2 760 ppm 

Kjeldahl  N2 4 PPm 
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TABLE V I .  - SPECTROSCOPIC GRAPHITE AGKSP (Lot P-64)  

VENDOR'S CHEMICAL ANALYSIS (NATIONAL CARBON) 

To ta l  a sh  content  

A l l  elements above were s p e c i f i c a l l y  
sought. No o t h e r  impurity l i n e s  were found 
and only those elements found are  r epor t ed .  
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2 .  Molybdenum and 0.5% y t t r ium were pressed i n t o  t h e  chromium b r i q u e t s  
and included i n  t h e  i n i t i a l  c r u c i b l e  charge. Tantalum, carbon, lan-  
thanum, and the  y t t r ium a c t u a l l y  requi red  t o  m e e t  chemical s p e c i f i -  
c a t i o n  w e r e  added s imultaneously,  la te  i n  the  mel t ing  cyc le ,  but  as 
ind iv idua l  elements.  

3 .  This technique w a s  t he  same as Number 2 except  t h a t  t h e  l a t e  add i t ion  
of tantalum, carbon, lanthanum, and y t t r ium w a s  pressed i n t o  a b r ique t  
and added i n  t h i s  form. 

The last  of t h e  t h r e e  techniques provided t h e  advantage of g e t t i n g  t h e  low 
d e n s i t y  and more v o l a t i l e  addi tons below the  su r face  of t h e  m e l t  qu ick ly  by 
means of b r i q u e t t i n g  them wi th  the  h igh  d e n s i t y  tantalum. This w a s  t he  tech- 
nique used f o r  a l l  f i v e  100 pound ( 4 5 . 3 6  kg) h e a t s .  

Melting Procedure - When the  vacuum chamber reached a p re s su re  of approxi- 
mately 1 5  microns ( 2  N/m2) of mercury i n  the  case  of t he  small  h e a t s  and 3 0  
microns (4  N/m ) i n  t he  case  of t he  l a r g e  h e a t s ,  power was appl ied t o  the  ho t  
top h e a t e r ,  and the  e n t i r e  mold se tup  w a s  allowed t o  h e a t  up and outgas i n  vacuum. 
When outgassing of t he  mold was complete, power was appl ied  t o  the  charge,  and 
it  w a s  allowed t o  outgas  i n  vacuum a t  a temperature approaching the  mel t ing  po in t .  
The p res su re  t y p i c a l l y  increased t o  a va lue  i n  the  range of 5 0  microns t o  100 
microns ( 6 . 7  N/m2 t o  1 3 . 4  N/m2) and then s t a r t e d  t o  decrease .  Power was then 
shu t  o f f  and the  chamber was pumped t o  the  lowest p re s su re  a t t a i n a b l e .  Argon 
w a s  then admitted t o  the  chamber t o  a p re s su re  of two-thirds  of atmospheric and 
the  charge was melted a t  t h i s  pressure .  The charge w a s  he ld  molten f o r  a per iod 
of 15 minutes t o  a l low uniform d i s t r i b u t i o n  of t he  molybdenum and t o  permit t he  
y t t e r ium t o  accomplish i t s  g e t t e r i n g  funct ion.  A t  t h i s  p o i n t ,  t he  tantalum, 
carbon,  lanthanum, and f i n a l  add i t ion  of y t t e r ium were added and the  h e a t  he ld  
molten f o r  f i v e  minutes t o  in su re  complete homogeneity. It was then poured and 
cooled overnight  i n  the  vacuum chamber. 

2 

Ingot Qual i ty  - Surface condi t ion  of t he  ingo t s  was very good. Figure 1 
shows a t y p i c a l  100 pound ( 4 5 . 3 6  kg) ingot  a f t e r  sandblas t ing .  

The ingo t s  were examined r ad iog raph ica l ly  f o r  i n t e r n a l  d e f e c t s .  From 
7 - 5 / 8 "  t o  8 - 3 / 8 "  ( 1 9 . 4  cm t o  21.3 cm) of sh r ink - f r ee  ingot  was obtained i n  
t h e  15 pound ( 6 . 8  kg) ingo t s  and about 13" ( 3 3  cm) of sh r ink - f r ee  ingo t  was 
obtained i n  the  100 pound ( 4 5 . 3 6  kg) ingo t s .  Some s m a l l  gas-type p o r o s i t y ,  
no t  evident  i n  t h e  radiographs,  was found j u s t  below the  shr inkage c a v i t y  i n  
t h e  100 pound ( 4 5 . 3 6  kg) ingo t s .  It was loca ted  i n  an annular  p a t t e r n  a t  
approximately t h e  mid-radius of the  ingot .  It w a s  necessary t o  remove approxi- 
mately an a d d i t i o n a l  inch ( 2 . 5 4  cm) from the  top  of t he  b i l l e t s  t o  e l imina te  
t h i s  de fec t .  Figure 2 i l l u s t r a t e s  t h i s  d e f e c t  i n  a t r ansve r se  s l i c e  taken from 
the  top of a 100 pound ( 4 5 . 3 6  kg) ingo t .  
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A s l i c e  approximately 3/8" ( 0 . 9 5  cm) t h i c k  w a s  c u t  from t h e  top and 
bottom of each ingot  a f t e r  removal of t he  piped po r t ion  of  t he  h o t  top .  These 
samples were s e n t  f o r  chemical ana lys i s .  
i n  Table V I I .  

Resul t s  of ingot  analyses  a r e  shown 

A s  can be seen from t h i s  t a b l e ,  t h e r e  i s  cons iderable  v a r i a t i o n  i n  chem- 
i s t r y  from h e a t  t o  h e a t .  There i s  no problem with tantalum, molybdenum, ca r -  
bon, s u l f u r ,  o r  phosphorus. The i n c o n s i s t e n t  and predominantly h igh  oxygen 
and zirconium con ten t s  and the  equa l ly  incons i s t en t  and low recovery of y t t r i um 
and lanthanum i n  t h e  15 pound ( 6 . 8  kg) ingo t s  po in t  t o  meta l -c ruc ib le  r e a c t i o n  
as  t he  probable source of d i f f i c u l t y .  The 100 pound (45 .36  kg) ingo t s  have 
c o n s i s t e n t l y  lower oxygen contents  and h ighe r ,  bu t  no t  c o n s i s t e n t ,  recovery 
of y t t r i um and lanthanum. Zirconium contamination i s  a l s o  v a r i a b l e  i n  the  
100 pound (45.36 kg) h e a t s .  

It i s  a we l l - e s t ab l i shed  f a c t  t h a t  preformed c r u c i b l e s  e x h i b i t  g r e a t  
v a r i a b i l i t y  i n  p rope r t i e s  from c r u c i b l e  t o  c ruc ib l e .  One of t hese  v a r i a b l e s  
i s  the  r a t e  of a t t a c k  on the  c r u c i b l e  by molten metal  and the  r e s u l t i n g  v a r i -  
a t i o n  from c r u c i b l e  t o  c r u c i b l e  i n  oxygen pickup i n  the  mel t .  I n  the  case  of 
a z i r c o n i a  c r u c i b l e ,  reduct ion  of t he  z i r c o n i a  r e s u l t s  i n  both high oxygen and 
zirconium i n  the  m e l t .  

I n  vacuum induct ion  mel t ing  of more convent ional  m a t e r i a l s ,  i t  has been 
found h e l p f u l  t o  make a wash h e a t  i n  a c r u c i b l e  before  using.  This tends t o  
smooth out  t he  v a r i a b i l i t y  from c r u c i b l e  t o  c r u c i b l e .  However, cons ider ing  
t h e  r e a c t i v i t y  and r e l a t i v e l y  h igh  melt ing temperature of t h i s  a l l o y ,  and t h e  
condi t ion  of t he  c r u c i b l e  a f t e r  making one h e a t ,  it was not  considered 
d e s i r a b l e  t o  make more than one h e a t  p e r  c r u c i b l e .  
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EXTRUSION 

Prepa ra t ion  of Ingots  f o r  Extrusion - Following radiography, t h e  ho t  t o p  
was removed from each ingot  by c u t t i n g  on a power hack saw a t  a po in t  j u s t  
below the  bottom of t h e  primary s h r i n k  cav i ty .  Transverse sl ices f o r  chemical 
a n a l y s i s  were then sawed a s  descr ibed under Ingot Qual i ty .  
were examined by t h e  "Dye-chek" technique, t o  reveal any small  cracks which 
would probably not  be de t ec t ed  by radiography, o r  which could be generated by 
the sawing operat ion.  On the  100 pound (45.36 kg) ingo t s ,  a d d i t i o n a l  crop- 
ping of 3/4" t o  l"(1.90 c m  t o  2.54 cm) of m a t e r i a l  was done on t h e  t o p  ends 
of t he  ingo t s  t o  remove the  annular  p o r o s i t y  (see Figure 2 ) ,  and an a d d i t i o n a l  
loss of 1/2" t o  3/4" (1.27 c m  t o  1.90 cm) of l eng th  was incurred a t  t h e  bottom 
ends i n  removing m a t e r i a l  containing h a i r l i n e  c racks ,  presumably formed during 
cool ing of t he  ingot  i n  the  mold. 

A l l  sawcut f aces  

Af t e r  cropping was completed, t he  15 pound (6.8 kg) h e a t s  ranged from 
6-1/4" t o  7" (15.9 c m  t o  17.8 cm) i n  length,  and weighed 6-1/2 pounds t o  
7-1/2 pounds (3.94 kg t o  3.4 kg). The 100 pound (45.36 kg) h e a t s ,  a f t e r  
cropping, ranged from 10.65" t o  11.7" (27.1 c m  t o  29.7 cm) i n  length,  and 
weighed between 55 pounds and 6 1  pounds (24.9 kg and 27.6 kg). These ingo t s  
were la the- turned t o  remove the  r e l a t i v e l y  rough cast  su r face  and t o  provide 
the proper s i z e  match with a molybdenum ex t rus ion  can. 
heat  was turned t o  1.937" (4.9 cm) and c u t  i n t o  two e x t r u s i o n  b i l l e t s .  The 
l a rge  h e a t s  were turned t o  4.700" t o  4.800" (11.9 c m  t o  12.2 cm) diameter,  
varying s l i g h t l y  wi th  t h e  surface condi t ion.  A 45" (0.786 radian)  chamfer was 
machined on one end of each b i l l e t ;  t h e  chamfered end then became t h e  nose o r  
leading end of t h e  ex t rus ion .  For a l l  ex t rus ions ,  t h e  nose of t he  e x t r u s i o n  
was the  end of t h e  b i l l e t  which was nearer  t h e  bottom of the  ingot.  With 
very few except ions,  t he  machined ingot  su r faces  were very good. Af t e r  l a t h e -  
t u rn ing ,  a few of t h e  l a r g e  ingo t s  showed a small number of pinhole-s ize  
d e f e c t s ,  which were c a r e f u l l y  removed with a hand g r inde r .  

Each 15 pound (6.8 kg) 

A t  t h e  completion of condi t ioning,  b i l l e t s  from the  small  ingots  (two 
b i l l e t s  pe r  ingot) ranged from 2.9" t o  3.45" (7.4 c m  t o  8.8 cm) i n  l eng th  
and weighed from 2.3 pounds t o  2.7 pounds (1.04 kg t o  1.22 kg). 
from the  l a r g e r  h e a t s  ranged from 10.65" t o  11.7" (27.1 c m  t o  29.8 em) i n  
length,  and weighed from 50.2 pounds t o  58.4 pounds (22.75 kg t o  26.45 kg). 

B i l l e t s  

Canning - Extrusion cans f o r  a l l  b i l l e t s  were made from molybdenum powder 
by h y d r o s t a t i c  pressing,  s i n t e r i n g ,  and f i n a l l y  machining t o  f i t  each b i l l e t .  
J u s t  p r i o r  t o  ex t rus ion ,  t h e  b i l l e t ,  t he  molybdenum can, and two molybdenum 
t a i l  plugs were thoroughly degreased, assembled, and loaded i n t o  an i n e r t  
atmosphere welding chamber. The chamber was pumped down t o  a p re s su re  of 
approximately 20 microns (2.67 N/m2). Immediately before  welding, t h e  chamber 
was b a c k - f i l l e d  wi th  helium t o  a pressure of one atmosphere (1.01 x lo5 N/m2),  
pumped down t o  approximately 20 microns (2.67 N/m2),  and aga in  b a c k - f i l l e d  t o  
one atmosphere (1.01 x lo5 N/m2) wi th  helium. 
sea l ed  using a tungsten e l e c t r o d e  by making a c i r c u m f e r e n t i a l  arc  weld between 
the  can and one of t he  molybdenum plugs which had been i n s e r t e d  i n t o  the can a t  
the r e a r  end of t he  e x t r u s i o n  b i l l e t .  The welded assembly, ready f o r  ex t rus ion ,  

The molybdenum can was then 
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i s  shown i n  Figure 3 f o r  a nominal 5" (12.7 cm) diameter  b i l l e t .  The con- 
f i g u r a t i o n  f o r  a nominal 2" (5.08 cm) diameter  b i l l e t  i s  very s i m i l a r .  

The smal le r  b i l l e t s ,  canned and ready f o r  ex t rus ion ,  va r i ed  from 3.83" 
t o  4.37" (9.75 cm t o  11.1 cm) i n  length  and weighed from 3.73 pounds t o  4.2 
pounds (1.69 kg t o  1.90 kg) . The l a r g e r  b i l l e t s  ranged from 13" t o  14.06'' 
(33.0 cm t o  35.7 cm) i n  length  and weighed from 74.7 pounds t o  79.5 pounds 
(33.9 kg t o  36.0 kg ) .  

Extrusion - The canned b i l l e t s  were extruded through ho t  work (H-21) s t e e l  
d i e s  having a con ica l  e n t r y  and r ec t angu la r  o r i f i c e .  The d i e s  were coated by 
plasma spraying  with z i r c o n i a  t o  a nominal th ickness  of 0.015" (0.38 m) . 
Fiske  604 and e i t h e r  Corning 7052 o r  7740 g l a s s  w e r e  used as l u b r i c a n t s .  B i l -  
l e t s  were heated t o  the  ex t rus ion  temperature i n  a r e s i s t ance - type  furnace 
wi th  a H2 atmosphere, t r a n s f e r r e d  t o  a h o r i z o n t a l ,  1250-ton Loewy p r e s s ,  and 
extruded.  The r e s u l t i n g  d a t a  a r e  given i n  Table VIII. Transfer  t i m e s  (e lapsed 
time from b i l l e t  leaving' furnace t o  app l i ca t ion  of ex t rus ion  force)  ranged from 
11 seconds t o  14 seconds f o r  t he  smal le r  b i l l e t s ,  and from 23 seconds t o  27 
seconds f o r  t he  l a r g e r  diameter  b i l l e t s .  Experience with a chromium-5% tung- 
s t en -  .07% y t t r ium al loy( ' )  had ind ica ted  the  d e s i r a b i l i t y  of using a post-  
ex t rus ion  s t r e s s  r e l i e f .  Since t h e  chromium-7% molybdenum-2% tantalum a l loy  
was expected t o  be s t ronge r  and probably l e s s  d u c t i l e  than the  5% tungsten 
a l l o y ,  a l l  extruded bars  were taken from the  p re s s  runout t a b l e  while  s t i l l  
h o t ,  placed i n  a furnace a t  1920°F (1320"K), he ld  f o r  approximately one hour 
a t  1920°F (1320"K), then furnace cooled t o  480°F t o  570°F (522°K t o  573'K) 
i n  40 t o  44 hours ,  removed from the  furnace ,  and sand cooled t o  room temperature.  

Despi te  t he  use of t h i s  s t r e s s  r e l i e f ,  some h a i r l i n e  cracks appeared a t  
t he  nose end of each extruded b a r .  The r e l a t i v e l y  l a r g e  amount of molybdenum 
presen t  a t  t he  nose, coupled with the  f a c t  t h a t  chromium has a l a r g e r  c o e f f i -  
c i e n t  of thermal expansion than molybdenum, r e s u l t e d  i n  the-! presence,  upon 
cool ing ,  o f  a r e s i d u a l  t e n s i l e  s t r e s s  i n  the  chromium a l l o y  a t  the  nose, causing 
the  c racking .  The geometric p a t t e r n  of t he  cracks was the  same i n  both l a rge  
and small ba r s .  Fo r tuna te ly ,  t hese  cracks d id  no t  propagate beyond t h e  poin t  
a t  which the  chromium a l l o y  co re  assumed i t s  f u l l  dimensions in s ide  the  j acke t ;  
t h e r e f o r e ,  t h i s  cracking r e s u l t e d  i n  the  loss of no more m a t e r i a l  than t h a t  
which was r o u t i n e l y  cropped from the  noses of the  extruded ba r s .  

An e x c e l l e n t  bond was obtained between the  chromium a l l o y  and the  molyb- 
denum cladding on a l l  sound extruded material. The molybdenum was l e f t  on 
the  ba r s  throughout t he  subsequent processing.  

Ten 2-1/16" (5.24 cm) diameter  b i l l e t s  w e r e  extruded as p a r t  of Task I,  
a l imi t ed  exp lo ra t ion  of some of t he  primary ex t rus ion  v a r i a b l e s .  The ex t ru-  
s i o n  r a t i o s  chosen, nominally 3.7 and 4.7, represented a compromise among the  
expected deformation c h a r a c t e r i s t i c s  of t he  a l l o y ,  t h e  d e s i r e  t o  have, as a 
minimum, a r a t i o  i n  the  v i c i n i t y  of f o u r ,  and the  s i z e  requirements f o r  t he  
m a t e r i a l  t o  be produced i n  Task 11. I n  add i t ion ,  t h e  requirements imposed by 
the  Task I1 r o l l i n g  process parameters had t o  be considered.  For example, t he  
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expected d e s i r a b i l i t y  of impart ing l a rge  amounts of reduct ion  (as  high a s  90%) 
i n  the  r o l l i n g  process ,  requi red  t h a t  t h e  ex t rus ions  u l t i m a t e l y  produced from 
the  l a r g e r  diameter Task I1 b i l l e t s  be a minimum of 1-1/8" (2.86 cm) t h i c k  
( inc luding  molybdenum cladding th ickness) .  
appropr ia te  combination of ex t rus ion  v a r i a b l e s  determined i n  the  2-1/8" (5.4 
cm) diameter ex t rus ion  con ta ine r ,  where a pressure  i n  excess  of 180,000 p s i  
(1.24 x lo9  N/m2) can be generated on the  b i l l e t ,  would have t o  be t r a n s l a t a b l e  
t o  the  5-3/16" (13.15 cm) con ta ine r ,  i n  which the  maximum pressure  which can 
be generated on a b i l l e t  i s  approximately 120,000 p s i  (8.3 x 10 8 N/m2), 

One a d d i t i o n a l  f a c t o r  was t h a t  any 

S ix  combinations of ex t rus ion  r a t i o  and b i l l e t  temperature were employed 
on the  t e n  2-1/16" (5.24 cm) diameter b i l l e t s .  Examination of t he  r e s u l t i n g  
mic ros t ruc tu res  a t  Lamp Metals and Components Department, Cleveland, Ohio, 
f a i l e d  t o  r e v e a l  s i g n i f i c a n t  d i f f e r e n c e s  between these  ex t rus ions .  The only 
problem encountered was i n  conjunct ion wi th  B i l l e t  994-3011, which was heated 
t o  a higher  temperature,  2910°F (1870°K), than the  o the r  b i l l e t s .  This  e x t r u -  
s i o n  exh ib i t ed  numerous l a rge  , t r ansve r se  f a i l u r e s  extending w e l l  i n  toward 
the  cen te r  of t he  bar.  It appeared a s  though the  f a i l u r e s  were i n t e r g r a n u l a r  
i n  na ture  and t h a t  t he  ba r  had l i t e r a l l y  t o r n  open a t  t he  g ra in  boundaries.  
Thus, under the  ex t rus ion  condi t ions  employed f o r  t he  smaller  b i l l e t s ,  2863°F 
(1845°K) was the  h ighes t  temperature success fu l ly  attempted. 
obtained i n  Task I ind ica t ed  t h a t ,  based on the  lower u n i t  p ressure  a v a i l a b l e  
i n  the  l a r g e r  con ta ine r ,  an  ex t rus ion  r a t i o  of approximately f i v e  would be the  
maximum a t t a i n a b l e  wi th  the  l a r g e r  b i l l e t s .  It was r e a l i z e d  t h a t  t he  5-1/16" 
(12.85 cm) diameter b i l l e t s  would have lower "K" f a c t o r s  than those obtained 
wi th  the  smal le r  b i l l e t s ,  because of b e t t e r  h e a t  r e t e n t i o n  i n  the  l a r g e r  b i l l e t s ,  
and because the  lower su r face  area/volume r a t i o  of t he  l a r g e r  b i l l e t  r e s u l t s  
i n  a decrease i n  t h a t  po r t ion  of t he  ex t rus ion  force  requi red  t o  overcome 
f r i c t i o n .  Therefore ,  i t  would have been reasonable  t o  a n t i c i p a t e  a s l i g h t l y  
higher  r a t i o  than the  pred ic ted  maximum of f i v e .  However, a h igher  r a t i o  
would have produced a bar  wi th  c ros s  s e c t i o n  smaller  than  the  optimum f o r  
subsequent r o l l i n g .  

"K" va lues  

Accordingly, a d i e  was designed based on a r a t i o  of 4.6. 

Three d i f f e r e n t  b i l l e t  temperatures ,  two ram speeds, and a pre-ex t rus ion  
s o l u t i o n  t reatment  were incorporated i n t o  the  processing of t he  f i v e  l a r g e r  
diameter b i l l e t s  i n  an e f f o r t  t o  ob ta in  completely sound ex t rus ions .  However, 
t he  t e a r i n g  type of d e f e c t  discussed above was p re sen t ,  i n  varying degree,  i n  
each of t he  f i v e  ba r s  produced. 

It was recognized t h a t ,  f o r  t he  same s e t  of cond i t ions ,  t he  maximum 
temperature t o  which b i l l e t  could be heated f o r  ex t rus ion  without  encounter ing 
the  severe t e a r i n g  previous ly  discussed would be lower f o r  t h e  5-1/16" (12.85 
cm) than f o r  t he  2-1/16" (5.24 cm) b i l l e t s ,  because of b e t t e r  hea t  r e t e n t i o n  
i n  the  l a r g e r  b i l l e t s .  Accordingly, a nominal temperature of 2775°F (1795°K) 
was chosen f o r  e x t r u s i o n  of the  f i r s t  l a rge  b i l l e t ,  a s  a compromise between 
poss ib ly  p r o h i b i t i v e  con ta ine r  pressures  a t  lower temperatures and severe 
t e a r i n g  a t  higher  temperatures .  The b i l l e t  was a c t u a l l y  extruded a t  2790°F 
(1805°K); un fo r tuna te ly ,  t h i s  temperature d id  not prove t o  be low enough t o  
avoid t e a r i n g  on a 5-1/16" (12.85 cm) b i l l e t .  The r e s u l t i n g  ba r  had numerous 
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tears  beginning approximately 12" (30.5 cm) from the  nose, and inc reas ing  i n  
frequency toward t h e  t a i l  of t h e  b a r ,  a s  though the  h e a t  produced by deforma-. 
t i o n  were accumulating i n  t h e  b i l l e t  f a s t e r  than it could be d i s s i p a t e d .  

The con ta ine r  pressure r equ i r ed  f o r  t h i s  e x t r u s i o n  (approximately 100,000 
p s i  o r  6.9 x lo8 N/m2) was, as a n t i c i p a t e d ,  somewhat lower than the p re s su res  
needed f o r  t h e  2-1/16'' (5.24 cm) b i l l e t s .  Although t h e  f i g u r e  of 100,000 p s i  
(6.9 x 108 N/m2) r ep resen t s  approximately 83% of the  a v a i l a b l e  pressure f o r  t he  
l a r g e r  b i l l e t s ,  it d i d  a f f o r d  some l a t i t u d e  f o r  lowering the  e x t r u s i o n  tempera- 
t u r e .  It was decided t o  extrude the  next b i l l e t  a t ,  nominally, 2687°F (1745'K). 
I n  a d d i t i o n ,  J. W. Clark,  F l i g h t  Propuls ion Divis ion,  General E l e c t r i c  Company, 
suggested,  on the b a s i s  of h i s  experience wi th  t h i s  a l l o y ,  t h a t  a pre-extrusion 
s o l u t i o n  t reatment  a t  approximately 2825°F (1825°K) might be b e n e f i c i a l  t o  t h e  
e x t r u s i o n  c h a r a c t e r i s t i c s  of the a l l o y ;  so,  i t  was decided t o  a t tempt  t h i s  a l s o .  
The b i l l e t  was heated t o  2820°F (1810'K) and held f o r  approximately two hours. 
The temperature was then dropped t o  2696°F (1755"K), allowed t o  e q u i l i b r a t e ,  
and the b i l l e t  was ex t ruded  'he changes discussed d i d  no t  e l imina te  t h e  t e a r -  
ing phenomenon, but  d id  reduce i t  s u b s t a n t i a l l y ,  and a much g r e a t e r  y i e l d  of 
sound m a t e r i a l  was r e a l i z e d .  

A f u r t h e r  r educ t ion  i n  e x t r u s i o n  temperature appeared poss ib l e ,  and it  
The t h i r d  5-1/16" (12.85 cm) seemed t h a t  t h i s  would e l imina te  the  t e a r i n g .  

b i l l e t  was a l s o  so lu t ioned  p r i o r  t o  e x t r u s i o n  and was extruded a t  2620°F 
(1710°K). However, i n s t ead  of t he  t e a r i n g  being e l imina ted ,  it was more severe 
than on the  previous bar .  For the  f o u r t h  l a r g e  b i l l e t ,  t h e  s o l u t i o n  t reatment  
was discont inued,  and s i n c e  t h e  b e s t  e x t r u s i o n  t o  da t e  had been made a t  2696°F 
(1755"K), t h a t  temperature was employed again. 
t h e  f i v e  l a r g e  ex t rus ions ,  showing only a few tears  near  t h e  t a i l  and some 
minor t e a r i n g  a t  s p o t s  on the  corners  of t he  b a r ;  t hus ,  i t  was decided t o  
extrude t h e  f i n a l  b i l l e t  under the  same cond i t ions ,  except f o r  a decrease i n  
ram speed. This  was done t o  allow more t i m e  f o r  t h e  h e a t  produced by deforma- 
t i o n  t o  be d i s s i p a t e d  during ex t rus ion ,  hopeful ly  keeping the  i n t e r n a l  tempera- 
t u r e  of t h e  b i l l e t  down, decreasing the  tendency f o r  t he  m a t e r i a l  t o  tear .  
Even though t h i s  f i n a l  5-1/16" (12.85 cm) e x t r u s i o n  was made a t  a ram speed 
(l"/second o r  2.54 cm/second), only s l i g h t l y  over h a l f  t h a t  of t he  o t h e r  l a r g e  
b i l l e t s  (1.8"/second o r  4.66 cm/second), it was t o r n  seve re ly  over t he  r e a r  
h a l f  of t h e  bar .  This was a l l  t o o  t y p i c a l  of t hese  d e f e c t s ;  t h a t  i s ,  t h e r e  
seemed t o  be no p a r t i c u l a r  p a t t e r n  t o  t h e i r  frequency o r  l oca t ion ,  and f u r t h e r -  
more, l i t t l e  s e n s i b l e  c o r r e l a t i o n  with e x t r u s i o n  parameters. The d e f e c t s  d i d  
not  seem t o  be due to l u b r i c a t i o n  f a i l u r e s ,  s i n c e ,  except f o r  t h e  t o r n  areas, 
t h e  su r faces  of t he  extruded b a r s  were q u i t e  smooth over t h e i r  e n t i r e  length.  
Also, t he  random occurrence of t h e  d e f e c t s  d i d  not  suggest inadequate l u b r i -  
ca t ion .  Nei ther  could t h e  d e f e c t s  be c o r r e l a t e d  wi th  the  pos t - ex t rus ion  condi- 
t i o n  of t h e  d i e  coat ing.  

This  r e s u l t e d  i n  t h e  b e s t  of 

Perhaps, during cool ing of the l a r g e r  i ngo t s  i n  the  mold, some seg rega t ion  
o r  s o l i d  s t a t e  r e a c t i o n  occurs which r e s u l t s  i n  the  formation of an undes i r ab le  
g r a i n  boundary c o n s t i t u e n t  - one which might no t  have t i m e  t o  form i n  t h e  more 
r a p i d l y  cool ing sma l l e r  i ngo t s  - and which might have an adverse e f f e c t  on the  
workab i l i t y  of t he  a l l o y .  
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Although t h e  Zr02 d i e  coa t ing  d id  spa11 t o  the  e x t e n t  t h a t  t he  d i e s  had 
t o  be sandblasted c l ean  and recoated a f t e r  each ex t rus ion ,  t he  coa t ings  d id  
an exce l l en t  job of p ro tec t ing  the  su r faces  of t h e  d i e s  from wearing excess ive ly  
o r  washing ou t ,  and i n  prevent s t e e l  on the  ex t rus ions ,  

e r e  used f o r  t he  t e n  
e n t  ex t rus ion  r a t i o s  re des i red .  One d 

la rge  ex t rus ions .  

The r ec t angu la r  ba r s  extruded from the  smaller  b i l l e t s  were of two 
nominal s i z e s  : 

1. 0.625" t h i c k  x 1.5" wide x 13" t o  15" long (1.59 cm x 3.81 cm x 
33 c m  t o  38 cm) 

2 .  0.500" t h i c k  x 1.5" wide x 16" t o  19" long (1.27 cm x 3 .81  c m  x 
40.6 cm t o  48.3 c m ) .  

On a given ba r ,  the  average th ickness  v a r i a t i o n  was approximately 0.020" 
(0.51 mm) and the  average width v a r i a t i o n  approximately 0.012'' (0.3 mm). 
Bars extruded from the  l a r g e r  b i l l e t s  were nominally 1.125" t h i c k  x 4.125" 
wide x 55" t o  59" long (2.86 c m  x 10.5 cm x 140 cm t o  150 cm) .  Average 
v a r i a t i o n  i n  th ickness  on any given bar  was approximately 0.022" (0.56 mm) ; 
average width v a r i a t i o n  was approximately 0.037" (0.94 mm). 

Discussion of Extrusion Data - B i l l e t  diameters shown include the  th i ck -  
ness of the molybdenum jacke t .  The numbers f o r  the  2-1/16" (5.24 cm) diameter 
b i l l e t s  have "Ti' and "B" s u f f i x e s ;  t hese  designate  top  ha l f  and bottom ha l f  of 
an ingot .  Extrusion temperatures were determined wi th  an o p t i c a l  pyrometer, 
The minor v a r i a t i o n s  from the  intended ex t rus ion  r a t i o s  of 3.7 and 4.7 f o r  t he  
smaller  b i l l e t s  and from 4.6 f o r  t he  l a r g e r  b i l l e t s  a r e  due t o  d i f f e rences  i n  
the  th ickness  of t h e  Zr02 coat ing  which was plasma sprayed on the  d i e  face  and 
th roa t .  The d i e s  were sandblasted c l ean  and recoated a f t e r  each e x t r u s i o n .  
It was d i f f i c u l t  to depos i t  a coa t ing  of t h e  same th ickness  each t i m e ,  
p a r t i c u l a r l y  i n  the  case of t h e  smaller  d i e s ,  which, of course,  had much 
smaller  ape r tu re s .  

The "K" f a c t o r ,  o r  "extrusion cons tan t , "  i s  based on the  breakthrough 
force  and was ca l cu la t ed  from the equat ion  P = K: I n  R where P = ex t rus ion  
pressure and R ex t rus ion  r a t i o .  
(5.24 cm) diameter b i l l e t s  look reasonable  when p l o t t e d  versus  ex t rus ion  
temperature (Figure 4) ,  wi th  t h e  except ion of B i l l e t s  995-30B and 994-3013. 

Calculated "K" va lues  f o r  t he  2-1/16" 

b i l l e t s ,  al though extruded a t  h igher  temperatures than  the  o the r s ,  
, r a t h e r  than lower, "K" f a c t o r s .  However, t hese  were the  only two 

of the  t e n  small b i l l e t s  which were extruded a f t e r  a new l i n e r  was i n s t a l l e d  
i n  the  ex t rus ion  conta iner .  
(0 .51 mm) ; thus ,  the  new l i n e r  r e s u l t e d  i n  a s ign i f icant ly- reduced  clearance 
between the  l i n e r  and the  hot  b i l l e t ,  thereby reducing the  amount of l ub r i can t  
which can be r e t a ined  between b i l l e t  and l i n e r .  This could be de t r imenta l  i n  
two ways. F i r s t ,  a s i g n i f i c a n t  decrease i n  the  amount of l ub r i can t  between 

The o ld  l i n e r  was worn approximately 0.820" 
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t he  b i l l e t  and l i n e r  could r e s u l t  i n  an inc rease  i n  the  f r i c t i o n a l  f o r c e s  
accompanying ex t rus ion ;  second, s ince  one of t h e  func t ions  of a high-  
temperature l u b r i c a n t  i s  t o  provide thermal i n s u l a t i o n  between workpiece 
and too l ing ,  i n s e r t i o n  of t he  new smal le r  diameter l i n e r  could have r e s u l t e d  
i n  a h igher  r a t e  of hea t  t r a n s f e r  from the  hot  b i l l e t  t o  t he  l i n e r .  
temperatures on the  order  of 2900°F (1865"K), even though t h e  b i l l e t  r e s t s  
i n  the  l i n e r  only about fou r  seconds before  ex t rus ion  commences, t he  new 
l i n e r  probably r e s u l t s  i n  a s i g n i f i c a n t  increase  i n  hea t  l o s s  from the  b i l l e t  
and a corresponding s i g n i f i c a n t  increase  i n  r e s i s t a n c e  t o  deformation; t hus ,  
an abnormally high "K" f a c t o r  may be obtained.  

A t  b i l l e t  

The "K" va lues  obtained f o r  t he  l a r g e r  diameter b i l l e t s  appeared t o  vary 
with temperature i n  a reasonable  manner (again,  Figure 4 ) .  B i l l e t  141-100 
had a 'IK" f a c t o r  which is  somewhat below the  curve e s t a b l i s h e d  by the  four  
previous l a rge  b i l l e t s ,  but t h i s  i s  due t o  the  f a c t  t h a t  it was extruded a t  
a slower speed, r e s u l t i n g  i n  a somewhat lower breakthrough force .  For com- 
par i son  wi th  da t a  from the  l a r g e r  diameter b i l l e t s ,  Figure 4 inc ludes  d a t a  from 
ex t rus ion  of 5-1/16" (12.85 cm) diameter b i l l e t s  of chromium-5% tungsten-  

It i s  apparent  t h a t  t he  a n t i c i p a t e d  higher  s t r e n g t h  of t he  chromium-7% mol b- 
denum-2% tantalum a l l o y  i s  r e f l e c t e d  i n  a "K" f a c t o r  s i g n i f i c a n t l y  h igher  P st 
l e a s t  i n  the  neighborhood of 2600°F (17OO0K8 
tungsten-0.07% y t t e r ium a l l o y .  

0.07% yt te r ium,  c a r r i e d  out  a t  t h i s  l abora to ry  under a previous NASA con t rac t .  (1) 

than t h a t  of t he  chromium-57; 
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ROLLING AND ANNEALING 

, 

Goals - The scope of work specified in the contract established goals 
for the rolling of the chromium alloy. The requirements for finish and 
dimensional tolerances were not especially stringent and would normally be 
met by ordinary care. The goal for the yield of 106 pounds (48 kg) of 
product was consistent with the yields obtained in a previous program at 
this facility for a chromium-5% tungsten alloy. Requirements for mechani- 
cal properties were not specified. 

One hour Five hours 

2192°F (1473°K) 84.0 82.6 
2372°F (1573°K) 82.7 83.2 

2732°F (1773°K) 83.5 83.2 
2552°F (1673°K) 82.0 82.4 

as extruded 84.2 

The prevention of cracking during rolling, which would be essential 
in meeting the requirement for yield, was quickly identified as the major 
problem by the results of the first few rolling experiments. A satisfac- 
tory jacket and the counteraction of the effects of the differential ther- 
mal contraction between the chromium alloy and the jacketing materials 
proved to be as important as the rolling and annealing practices in pre- 
venting cracking. Since most developmental effort was needed to obtain 
adequate yields and the scope of the work did not anticipate efforts to 
improve mechanical properties, any experimental work to improve mechani- 
cal properties had to be incidental. However, there was an opportunity 
to try to improve a specific mechanical property without going beyond the 
scope of the program. This occurred late in Task 1 while the first of 
the 100 pound (45 kg) melts was being processed through the extrusion 
operation. 

A low ductile to brittle bend transition temperature (DBBTT) is only 
one of several mechanical properties of the alloy that would be important 
in any probable application. However, the DBBTT was the only property 
that could be determined because of limitations in time and effort. 

Annealing of the Extrusions - The annealing of an extrusion from a 
15 pound (6 kg) melt was studied to find the most easily worked starting 
condition. 
with some large, slightly wrought grains. The annealing conditions were 
the factorial combinations of five temperatures and two times. The effects 
were evaluated metallographically and by hardness measurements. 

The structure as extruded was almost completely recrystallized 
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Growth of precipitate particles, which were presumed to be tan- 
talum carbide, apparently occurred within one hour at 2372°F (1573°K) 
and 2552°F (1673°K). There appeared to be some solution and precipi- 
tation of finer particles at the highest temperature, 2732°F (1773"K), 
in one hour and at 2552°F (1673°K) in five hours. A l l  of the treat- 
ments recrystallized the structure completely,and secondary grain 
growth occurred during the 2732°F (1773 OK) treatments. 

The effects of only one treatment, one hour at 2552°F (1673"K), 
were evaluated further by elevated temperature tensile tests (Table IX 
and Figures 5 to 7). Since this treatment caused a minimum in hard- 
ness and increased the ductility of the alloy somewhat at tempera- 
tures anticipated to be in the rolling temperature range, it was 
adopted as the standard treatment for all extrusions. 

Jacketing - Jacketing of the alloy was essential in preventing 
cracking, but it had harmful as well as beneficial effects. Jacketing 
reduced cracking by preventing the embrittlement of the alloy by the 
reaction with oxygen or nitrogen at elevated temperatures and by pro- 
viding some mechanical restraint to the edges of the strip during 
rolling. Jacketing tended to cause cracking because of the differen- 
tial thermal contraction between the chromium alloy and its jacket 
upon cooling and because of nonuniform deformation of the chromium 
alloy during rolling. 

In a previous program at this facility, it was found that an 
oxide film sufficiently protective to allow several warm rolling 
passes to be made without cracking could be formed on the chromium-5% 
tungsten alloy. Therefore, an attempt was made to duplicate that 
process with the present alloy. The alloy was ground and electro- 
etched to prepare the surface for oxidation. An oxide filmwas 
formed by exposing the alloy to wet hydrogen at 2012°F (1373°K) for 
15 minutes. The alloy cracked badly during the first rolling pass 
at 2372'F (1573'K). If the alloy is protected from contamination, 
it does not crack under th,ese rolling conditions. 

Since there was a reluctance to take unnecessary steps to pre- 
vent contamination by the atmosphere, the use of an evacuated jacket 
was started after several less costly methods proved to be inadequate. 
It was possible to assign contamination as the cause of certain 
cracks that occurred with the less effective jackets since those 
cracks occurred only where the chromium alloy was discolored and not 
where the alloy had been protected sufficiently to prevent discolora- 
tion. A jacket similar to that shown in Figure 8,but with only 
intermittent welds and not evacuated,was adequate protection for the 
Task 1 extrusions; however, it was not adequate for Task 2 extrusions, 
which were larger and consequently required longer times for heating. 
A l l  but one of the packs for the large extrusionswere evacuated. 
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Figure 8 Exploded V i e w  of Pack 
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The packs, i . e .  , t he  assembly of t h e  ex t rus ion  and i t s  j a c k e t ,  were always 
heated f o r  r o l l i n g  and anneal ing i n  hydrogen atmosphere furnaces  and w e r e  
t y p i c a l l y  exposed t o  a i r  dur ing  r o l l i n g  f o r  t h i r t y  seconds o r  less pe r  
r o l l i n g  pass .  
from back streaming through flame c u r t a i n s  and from i n f i l t r a t i o n  and n i t r o -  
gen from those  sources  and an a u x i l i a r y  n i t rogen  c u r t a i n  a t  one of t h e  
furnace doors .  

The furnace atmospheres contained water vapor p r i n c i p a l l y  

The mechanical r e s t r a i n t  of t he  edges of t he  chromium a l l o y  s t r i p  by 
the  s t e e l  bars  a t  t he  s i d e s  of t he  j a c k e t s  apparent ly  tended t o  reduce 
edge cracking of t h e  chromium a l l o y  during r o l l i n g .  Since t h e  amount of 
m a t e r i a l  f o r  process  development w a s  q u i t e  l imi t ed  and i t  was thought t h a t  
t h e  r e s t r a i n t  o f f e red  by the  s i d e  ba r s  was l e s s  important than o the r  fac-  
t o r s  i n  prevent ing c racking ,  t h e  e f f e c t  of t he  width of t he  s i d e  bars  was 
not  s tud ied  sys t ema t i ca l ly .  However, where the  width of the  s i d e  ba r s ,  as  
wel l  as o t h e r  f a c t o r s ,  w e r e  var ied  i n  the  e a r l y  r o l l i n g  experiments,  t h e r e  
was a tendency f o r  t he  packs with the  widest  s i d e  bars  t o  have the  l e a s t  
cracking of t h e  chromium a l l o y .  
t o  confirm t h i s  r e l a t i o n s h i p ,  bu t  i n  one s e r i e s  of two experiments,  only 
the  f i n a l  anneal ing condi t ions  and width: of t he  s t e e l  ba r s  w e r e  i n t e n t i o n a l l y  
va r i ed .  The s t r i p  from the  pack with 2" (5.08 cm) wide s t e e l  bars  was 
f r e e  of c racks ,  while  t h e  s t r i p  from the  pack with 1" (2.54 cm) wide ba r s  
had edge c racks .  There were o t h e r  i n s t ances  of varying s t e e l  ba r  widths i n  
which the  r e s u l t s  were confounded by o t h e r  v a r i a b l e s ,  but  those r e s u l t s  
suggested t h a t  t h e  r e s t r a i n t  of t he  s t e e l  bars  was a s i g n i f i c a n t  f a c t o r .  

No c o n t r o l l e d  experiments w e r e  performed 

Molybdenum has a lower c o e f f i c i e n t  of thermal expansion than chromium. 
Therefore ,  as  a composite of chromium and molybdenum c o o l s ,  t e n s i l e  s t r e s s e s  
a r e  generated i n  the  chromium. The r e l a t i v e  amounts of molybdenum and 
chromium o r ,  perhaps,  t he  absolu te  amount of molybdenum adjacent  t o  the  
molybdenum-chromium i n t e r f a c e ,  i . e . ,  t he  dimension of t he  molybdenum i n  
t h e  d i r e c t i o n  perpendicular  t o  the  i n t e r f a c e ,  determined whether t h e  induced 
s t r e s s e s  caused cracking  of t he  chromium a l l o y .  The e f f e c t  of varying 
amounts of molybdenum adjacent  t o  t h e  i n t e r f a c e  w i l l  be shown by the  r e s u l t s  
of t h ree  opera t ions .  The cool ing  of t he  l a r g e  ex t rus ions ,  which were c lad  
with approximately 0.06" (0.15 cm) of molybdenum, from anneal ing d id  not  
cause cracks.  A t  an in te rmedia te  s t a g e  of t he  r o l l i n g  process ,  t he  packs 
were cooled t o  ambient temperature with no evidence of cracks having been 
formed i n  t h e  chromium a l l o y  then.  The absolu te  amount of molybdenum a t  
t he  i n t e r f a c e  a t  t he  end of t he  s t r i p  had then been increased t o  about 
0.135" (0.34 cm) by accumulation a t  t h e  ends due t o  r o l l i n g .  However, cracks 
formed a t  t he  ends of 1/4It p l a t e  dur ing  cool ing  where the  o r i g i n a l  c ladding  
w a s  l e f t  on the  ex t rus ion .  The o r i g i n a l  0.06'' (0.15 cm) c ladding  w a s  increased  
a t  the  ends of t he  p l a t e  t o  about 0.24" (0 .61 cm) by t h e  r o l l i n g  opera t ion .  
The c r i t i c a l  amount of molybdenum f o r  cracking l a y  between 0.135" (0.34 cm) 
and 0.24" (0.61 cm). For t h e  1/4" product ,  t h i s  type of cracking was avoided 
by removing n e a r l y  a l l  of the  o r i g i n a l  c ladding a t  the  ends of t h e  ex t rus ion  
before  r o l l i n g .  
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For the  1/16" product,  t h i s  type of  cracking w a s  avoided by h o t  shear ing 
t h e  ends of  t he  s t r i p  t o  remove t h e  concen t r a t ion  of  molybdenum before t h e  
s t r i p  w a s  cooled. 

Even then , the  1/16" product may have contained s i g n i f i c a n t  r e s i d u a l  
stresses. Very f r equen t ly ,  a t y p i c a l  type of crack occurred during abrasive 
sawing of t h e  1/16" product i n t o  1" x 2" coupons. These cracks extended along 
t h e  s u r f a c e  f o r  much g r e a t e r  d i s t a n c e s  than through t h e  thickness .  This 
behavior of t he  cracks could be explained by assuming t h a t  t he  s u r f a c e  of 
t h e  s t r i p  had r e s i d u a l  t e n s i l e  stresses which tended t o  ass is t  crack propa- 
ga t ion ,  while the i n t e r i o r  had compressive r e s i d u a l  stresses which tended t o  
resist crack propagation. Although a mechanism connecting the  d i f f e r e n t i a l  
c o n t r a c t i o n  and r e s i d u a l  stresses is not  obvious, i t  seems l i k e l y  t h a t  they 
are causa t ive ly  r e l a t e d .  

The ab ras ive  sawing ope ra t ion  lagged s e v e r a l  weeks behind t h e  r o l l i n g  
ope ra t ions .  A s  a r e s u l t ,  when the  p o s s i b i l i t y  of adverse r e s i d u a l  stresses 
i n  the  1/16" product w a s  recognized, t he  r o l l i n g  of  t h a t  product had been 
nea r ly  completed. However, an attempt w a s  made t o  reduce thermally induced 
r e s i d u a l  stresses i n  the  1/4" product by coo l ing  t h e  packs much more slowly 
a f t e r  t h e  f i n a l  annealing t reatment .  Since t h e r e  are, of  course,  several 
o t h e r  d i f f e r e n c e s  between the  1/16" and 1/4" products ,  t he  absence of cracking 
during the  ab ras ive  sawing of the 1/4" product does not  e s t a b l i s h  the  change 
i n  the  cool ing procedure as the cause.  Appendices A and B p re sen t  t he  
d e t a i l e d  processing parameters,  including the cool ing procedure, f o r  t he  
r o l l e d  products.  Not only w e r e  t he  temperature g rad ien t s  i n  the  1/4" pro- 
duct  less than those of t h e  1/16" product during cool ing,  but a l s o ,  t he  
volume change accompanying the  a l l o t r o p i c  change of t he  s teel  undoubtedly 
occurred while t h e  steel  w a s  a t  a h ighe r  temperature,  and consequently 
weaker. 

Jacket ing caused nonuniform deformation of t he  chromium a l l o y  during 
r o l l i n g .  Since the  chromium a l l o y  w a s  much s t r o n g e r  than t h e  steel j a c k e t  
a t  t h e  r o l l i n g  temperatures,  2192°F (1473°K) t o  2372°F (1573"K), t he  steel 
could t ransmit  s u f f i c i e n t  p re s su re  t o  t h e  chromium a l l o y  t o  deform both 
m a t e r i a l s  uniformly during r o l l i n g  only where the  s teel  w a s  e f f e c t i v e l y  
r e s t r a i n e d .  I n  areas remote from t h e  ends and edges of t he  chromium a l l o y ,  
t he  s tee l  w a s  r e s t r a i n e d  between t h e  co ld ,  s t rong  steel r o l l s  and the  rela- 
t i v e l y  s t r o n g  chromium a l l o y ,  so  t h a t  both t h e  chromium a l l o y  and t h e  steel 
w e r e  reduced i n  thickness  p ropor t iona l ly .  Near t h e  edges and ends of t he  
chromium a l l o y ,  however, t h e  steel  w a s  no t  e f f e c t i v e l y  r e s t r a i n e d ;  t h e  
reduct ion i n  thickness  of t h e  chromium a l l o y  during r o l l i n g  tended t o  be less 
as shown on t h e  following page: 
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Since t h e  chromium a l l o y  w a s  not  reduced as much i n  th ickness  a t  t he  
edge as a t  the  c e n t e r ,  t h e  e longat ion  i n  the  r o l l i n g  d i r e c t i o n  tended t o  
be less a t  t he  edge. The d i f f e r e n c e  i n  e longat ion  was bel ieved t o  be the  
cause of some edge c r a c k s , s p e c i f i c a l l y  i n  Task 1 ex t rus ions  r o l l e d  i n  j acke t s  
with 0.134" (0 .34 cm) t h i c k  covers .  Thinner s t e e l  j acke t s  reduced the  
v a r i a t i o n  i n  the  th ickness  of t he  chromium a l l o y  and the  width of t he  region 
where t h e  thickening of t he  a l l o y  was s i g n i f i c a n t ,  but 0.060" (0 .15  cm) 
t h i c k  j acke t  covers ruptured dur ing  the  f i f t h  o r  s i x t h  r o l l i n g  pass .  So,  
t he  f i n a l  procedure was t o  j acke t  with 0.06" (0.15 cm) t h i c k  covers ,  r o l l  
four  passes ,  add 0.100" (0 .25  cm) covers ,  and complete the  r o l l i n g .  The 
1/16' '  product had a reg ion  a t  t h e  edges about 1/8" (0 .3 cm) wide i n  which 
t h e r e  was a measurable inc rease  i n  th ickness .  The th ickness  a t  the  edge 
was t y p i c a l l y  0.008'' t o  0.010" (0 .02  cm t o  0.025 cm) t h i c k e r  than the  
thickness  a t  t he  cen te r .  

The molybdenum c ladding  on the  Task 2 e x t r u s i o n s ,  which was about 
0.06" (0.15 cm) t h i c k ,  would be reduced i n  thickness  t o  about 0.004" (0.01 
cm) during r o l l i n g  of t h e  1/16" product.  Since i t  w a s  thought t h a t  t h i ck -  
ness  might be i n s u f f i c i e n t  t o  prevent  d i f f u s i o n  of i r o n  through the  molyb- 
denum t o  the  chromium a l l o y ,  an a d d i t i o n a l  shim of molybdenum 0.050'' (0.127 
cm) was placed between the  ex t rus ion  and the  s t e e l  covers f o r  t h e  1/16" 
product ,  bu t  no t  f o r  t he  1/4" product .  Microprobe ana lys i s  of t he  1/16" 
product l a t e r  i nd ica t ed  t h a t  t h e  e n t i r e  change i n  the  measured i r o n  con- 
c e n t r a t i o n  occurred i n  a zone l e s s  than 0.001'' (0 .0024 cm) t h i c k  a t  the  
steel-molybdenum i n t e r f a c e .  The e n t i r e  change i n  molybdenum concent ra t ion  
was de tec ted  as occurr ing  i n  a zone less than 0.001" (0 .0024 cm) t h i c k  
a t  t he  chromium alloy-molybdenum i n t e r f a c e .  The s u r f a c e  of t he  r o l l e d  
products w a s  e l ec t roe t ched  t o  remove 0.002" (0.005 cm) pe r  su r face ;  t h i s  
was more than s u f f i c i e n t  t o  remove a l l  chromium a l l o y  enriched i n  molybdenum. 
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- The development of 

The initial rolling experiments involved warm working at temperatures 
somewhat below the temperature for the start of recrystalliz 
It was apparent, however, that the recrystallization tempera 
necessary amount of warm work would be below the temperatures that the alloy 
would be expected to encounter in any likely application. Thus, the bene- 
ficial effects of warm working would be lost. Therefore, this approach 
for the development of a rolling process was abandoned. 

The next general scheme of rolling involved recrystallizing the alloy 
after about 63% warm work to reduce the grain size and to make the grain 
size uniform. This was followed by warm rolling, a second recrystallization 
anneal, and more warm work. The purpose of the second recrystallization 
was to limit the warm work in the product so that its recrystallization 
temperature would be relatively high and some beneficial effects of warm 
work might survive exposure at anticipated service temperatures. 

The conditions of time and temperature for the recrystallization anneals 
were established on the basis of a cursory metallographic study and other 
considerations. The upper limit for temperature was dictated by the possi- 
bility of melting at the molybdenum-carbon steel interface of the jacket. 
No evidence of melting was observed in packs annealed at 2462°F (1623°K). 
This temperature provided an adequate margin above the minimum temperature 
for complete recrystallization in 15 minutes, which was estimated to be 
2372°F (1572OK) for the alloy with 60% or more warm work from the annealed 
extrusion condition. Annealing at 2462°F (1623°K) for 15 minutes was chosen 
as the standard recrystallization treatment. 

The prototype of the process with two recrystallizations was the process 
designated as Process B. The essentials of this process and all subsequent 
developmental and production processes are presented graphically in Figures 
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ecrys  t a1 1 i z a t  i o  

ere were no 

semiquant i ta t ive  a t  b e s t .  

1. 

2.  

3. 

4. 

5. 

In-process  anneal ing a t  2192°F (1473°K) a f f e c t e d  t h e  DBBTT. 

Annealing a t  2192°F (1473°K) immediately a f t e r  t he  f i n a l  recrys-  
t a l l i z a t i o n  increased  the  DBBTT. 

Annealing a f t e r  t he  f i n a l  r e c r y s t a l l i z a t i o n  and one o r  two subse- 
quent warm r o l l i n g  passes ,but  before  the  completion of the  r o l l i n g ,  
decreased the  DBBTT. 

Warm working t o  a t o t a l  reduct ion  of 58% a f t e r  t he  f i n a l  recrys-  
t a l l i z a t i o n ,  which included an i n t e r n e  anneal ing a t  2192°F 
(1473"K), produced a lower DBBTT than ar processes  which 
involved warm working t o  reduct ions  of 44% o r  26%. 

F i n a l  anneal ing a t  2192°F (1473°K) a l s o  decreased the  DBBTT. 

Process I developed the  minimum DBBTT. I n  add i t ion ,  m a t e r i a l  thus 
rocessed has some r e s i s t a n c e  t o  degrada t ion  a f t e r  exposure t o  a n t i c i p a t e d  

app l i ca t ion  temperatures.  
exposure t o  1904'F (1313°K). 

The DBBTT d i d  not  i nc rease  a f t e r  overnight  

rough M y i e l d  
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Process I cons i s t ed  of anneal ing the  ex t rus ion  a t  2552OF (1673OK) 
f o r  one hour,  warm r o l l i n g  a t  2372°F (1573°K) t o  2192°F (1473OK) t o  a 

Process I of t he  development phase with minor changes introduced t o  improve 
the  y i e l d .  Because of numerous c racks  i n  the  l a r g e  ex t rus ions ,  t he  cause 
of cracks i n  t h e  product could not  be r e a d i l y  a s soc ia t ed  wi th  the  r o l l i n g  
process .  But, as t he  r o l l i n g  progressed,  it became apparent t h a t  t he  
r o l l i n g  process  w a s  c o n t r i b u t i n g  t o  edge cracking.  Although t h e  chromium 
was jacke ted ,  i nd ica t ions  of t h e  c racking  of t he  a l l o y  could be seen occa- 
s i o n a l l y  as t he  packs emerged from the  r o l l i n g  m i l l .  The thermal p rope r t i e s  
of t he  pack were such t h a t  t he  d i f f e r e n t  su r f ace  temperature c o l o r  i nd ica t ed  
where open cracks  e x i s t e d  i n  the  a l l o y .  When i t  w a s  e s t a b l i s h e d  t h a t  
cracking w a s  occur r ing  o f t e n  during the  in te rmedia te  s t ages  of r o l l i n g ,  
t h e  temperature was increased t o  2282°F (1523OK) f o r  t h a t  p a r t  of t he  pro- 
ces s .  A d e f i n i t e  improvement i n  y i e l d  r e s u l t e d .  A d e t a i l e d  d e s c r i p t i o n  
of t he  f i n a l  process i s  presented i n  Figure 13 and Appendix A. The devia t ions  
from the  f i n a l  process ,  which occurred i n  the  e a r l y  r o l l i n g  l o t s ,  a r e  
descr ibed i n  Appendix C .  

Rol l ing  and Annealing of t he  1/4" Product - Since t h e r e  w a s  t o  be no 
t e s t i n g  of t he  1/4" product f o r  mechanical p r o p e r t i e s ,  t he  only  c r i t e r i o n  
f o r  success  was y i e l d .  Therefore ,  t he  1/4" product w a s  r o l l e d  i n  the  same 
manner as the  1/16" product wi th  the  apprp r i a t e  reduct ion .  The f i n a l  
anneal ing cond i t ions ,  2192°F (1473°K) f o r  one hour ,  w e r e  chosen a r b i t r a r i l y .  
A d e t a i l e d  d e s c r i p t i o n  of  t he  process i s  presented i n  Figure 13 and Appendix B. 

Processing of Other Products - The o t h e r  products ,  3/8" x 3/8" x 3" 
and 3/4" x 1-1/2" x 2", were machined and abras ive  sawed from an annealed 
ex t rus ion .  
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EVALUATION OF PRODUCTS 

Mechanical P rope r t i e s  - The 1/16" (0.16 cm) t h i c k  produ 
both as f a b r i c a t e d  and a f t e r  anneal ing a t  2462°F (1623'K) f o  
The mean DBBTT of t he  a s - f ab r i ca t ed  s t r i p  was 564°F (569"K), but  anneal ing 
a t  2462'F (1623'K) increased  the  DBBTT t o  more than 1112°F (873'K), t he  
upper l i m i t  f o r  t e s t i n g  (Table X). The short- t ime s t r e n g t h  a t  e l eva ted  
temperatures was increased  s u b s t a n t i a l l y  by t h e  anneal ing (Figures  5 t o  7 
and Table IX). 

The mechanical p r o p e r t i e s  were not  determined f o r  products  which were 
machined from t h e  annealed l a r g e  ex t rus ion ,  but s h o r t  t i m e  e leva ted  tempera- 
t u r e  t e n s i l e  p r o p e r t i e s  were determined f o r  a small  ex t rus ion  which had 
a s i m i l a r  anneal ing t rea tment ,  Table I X .  
(0.59 cm) p l a t e  were not  determined. 

Mechanical p r o p e r t i e s  of t h e  1/4" 

Dimensions and Fin ish  - There were only minor and inf requent  dev ia t ions  
from the  requirements f o r  dimensions and f i n i s h .  The thickness  to l e rance  
was p lus  o r  minus 4% of the  nominal th ickness .  The f i n i s h  m e t  t he  requi re -  
ment of 80 microinch AA for product~l up t o  3/8" (0.95 cm) th i ck .  

Cracks - After  being c u t  t o  s i z e ,  only the  1/16" coupons had s i g n i f i c a n t  
cracking.  
o r i g i n s  and types.  Apparently,  some cracks  i n  the  ex t rus ions  w e r e  bonded 
t o  a g r e a t e r  o r  l e s s e r  e x t e n t  dur ing  r o l l i n g .  These appeared i n  t h e  pro- 
duct  as  o f f s e t s  i n  the  su r face  and as i n t e r m i t t a n t  l ong i tud ina l  cracks 
i n ,  perhaps,  1% o r  2% of the  coupons. 

The coupons had cracks o r  c rack - l ike  d e f e c t s  of two d i f f e r e n t  

Other cracks o r i g i n a t e d  dur ing  t h e  abras ive  c u t t i n g  opera t ion .  These 
cracks were bel ieved t o  be caused by r e s i d u a l  stresses (as discussed i n  
an e a r l i e r  s ec t ion )  and were cha rac t e r i zed  by t h e i r  being shal low i n  r e l a -  
t i o n  t o  t h e i r  l ength .  Their frequency va r i ed  g r e a t l y  from l o t  t o  l o t .  
The b e s t  l o t s  were nea r ly  f r e e  of t h i s  d e f e c t ,  while  t he  worst  l o t s  had 
approximately one- th i rd  of t h e i r  coupons a f f e c t e d .  

There w e r e  some s u p e r f i c i a l  c racks  on machined su r faces  of the  3/4" x 
1-1/2" x 2" product.  

S t r u c t u r e  - a c r i t i c a l  i n t e r p r e t a t i o n  of t he  micros t ruc tures  of t he  
products i s  beyond the  scope of t h i s  work, but  t he  s t r u c t u r e s  of random 
samples of t he  products  are shown i n  Figures  15 t o  18. 
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Unetched x500 

Etched electrolytically in sodium hydroxide x500 

Figure 15 Structure of Annealed Extrusion from 100 Pound Heat 
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Etched electrolytically in sodium hydoxide x5 00 

Figure 16 Structure of 1/4 Inch Plate 
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Etched e l e c t r o l y t i c a l l y  i n  sodium hydroxide x500 

Figure 1 7  S t ruc tu re  of 1/16 Inch Sheet as Fabr ica ted  

Etched e l e c t r o l y t i c a l l y  i n  sodium hydroxide x500 

Figure 18 S t r u c t u r e  of 1/16 Inch Sheet Annealed a t  2462F(1623K) 
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Composition - Analyses f o r  s e l e c t e d  elements w e r e  made on products 
from each of the  l a r g e  h e a t s .  The r e s u l t s  are shown i n  Table VII. The 
apparent decrease i n  the  oxygen and n i t rogen  conten ts  from the  ingot  t o  
product was unexpected; t he re fo re ,  an attempt w a s  made t o  r e so lve  the  
con t r ad ic t ion  by r epea t ing  both the  ingot  and product analyses f o r  repre-  
s e n t a t i v e  hea t s .  The d u p l i c a t e  analyses  f o r  t he  product confirmed the  
o r i g i n a l  analyses  wi th in  the  expected e r r o r .  Unfortunately,  t he re  w a s  
a malfunction of the  vacuum fus ion  apparatus  so t h a t  v a l i d  analyses  f o r  
the  ingots  were not  obtained.  

Yield - The y i e l d  of product froin the  100 pound (45.36 kg) m e l t s  w a s  
as  shown i n  t h i s  t a b l e :  

Ap prox i m a  t e Weight 
Product S i ze ,  i n .  pe r  Piece,  l b s  Tota l  Weight, lbs  

Approximate 

1/16 x 1 x 2 

1 / 4  x 1 x 4 
318 x 318 x 3 

314 x 1-1 /2  x 2 

0.03 

0.26 

0.11 

0.59 

39 

23 

6 

18 
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APPENDIX A. - DETAILED PROCESS DESCRIPTION 
FOR SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET 

Operat ion  no. Operat i o n  Descr ip t ion  

Annealing of The chromium a l l o y  ex t rus ion  was preheated 
ex t rus ion  t o  1651°F (1173°K). This ope ra t ion ,  a6 w e l l  

as a l l  o t h e r  hea t ing  ope ra t ions ,  w a s  done 
i n  a hydrogen atmosphere. The ex t rus ion  
was then t r a n s f e r r e d  t o  the  anneal ing fur -  
nace and annealed f o r  one hour a t  2552°F 
(1673°K). The ex t rus ion  w a s  next  re turned  
t o  the  furnace a t  1652°F (1173°K) and 
allowed t o  cool  t o  t h a t  temperature.  
F i n a l l y ,  t he  ex t rus ion  was cooled t o  
ambient temperature i n  a hydrogen 
atmosphere i n  about 30 minutes. 

2 

3 

Jacke t ing  of The ex t rus ion  w a s  band sawed and machined 
e x t r u s i o n  i n t o  s e c t i o n s  approximately 2.38" (6 cm) 

The exposed chromium a l l o y  was wet long. 
ground with 180 g r i t  abras ive  paper and 
e l ec t roe t ched .  The exposed a l l o y  was 
inspec ted  f o r  c racks  by v i s u a l  o r  f l uo res -  
cen t  pene t ran t  inspec t ion .  The j a c k e t  w a s  
then assembled around the  ex t rus ion  and 
welded . 

Rol l  ing  The pack, i . e . ,  t he  assembly of t h e  ex t ru-  
s i o n  and i t s  jacke t , .  was evacuated f o r  15 
minutes by a mechanical vacuum pump and 
the  evacuat ion tube was sea l ed .  The pack 
was preheated f o r  30 minutes a t  1652°F 
(1173°K) and then was heated f o r  20 minutes 
before  the  f i r s t  r o l l i n g  pass  and f o r  
lesser lengths  of time before  l a t e r  r o l l i n g  
passes. The minimum hea t ing  t i m e  was f i v e  
minutes.  The pack w a s  w a r m  r o l l e d  the  
f i r s t  two r o l l i n g  passes  a t  2372°F (1573°K) 
t o  a reduct ion  of 18% p e r  pass a t  a m i l l  
speed of 40 f t . /min .  (0.203 m/s). The 
diameter  of t he  r o l l s  w a s  12" (30.5 cm). 
Af te r  t he  f i r s t  two r o l l i n g  passes ,  t h e  
pack w a s  t r a n s f e r r e d  t o  a furnace a t  
1652°F (1173°K) so t h a t  t he  temperature of 
t he  r o l l i n g  m i l l  furnace could be changed. 
The pack w a s  then r o l l e d  two passes  a t  18% 
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reduct ion  each 
pack was annealed a t  1562°F (1173°K) f o r  30 
minutes,  furnace cooled t o  approximately 
1292°F (973°K) and, f i n a l l y ,  cooled t o  
ambient temperature r i e d  i n  i n s u l a t i n g  
m a t e r i a l .  

A r o l l i n g  l o t  cons is ted  of from one t o  
nine packs assembled a t  one time. No 
more than f i v e  packs could be accommodated 
i n  the  two furnaces  used fo r :  

a .  Preheat ing and s t o r i n g  a t  1652°F (1173°K) 
b. Heating f o r  r o l l i n g  and f o r  anneal ing 

Thus, r o l l i n g  and anneal ing was accom- 
p l i shed  on groups of no more than f i v e  
packs. Packs were heated f o r  r o l l i n g  
ind iv idua l ly ,  while t he  rest of t he  group 
was s to red  a t  1652°F (1173°K). No more than 
two packs were annealed simultaneously a t  
2462°F (1623°K). 

4 Replenishment 
of j acke t ing  

The pack was g r i t  b l a s t e d  and ground t o  
remove s c a l e ,  An a d d i t i o n a l  shee t  of 
steel ,  0.10" (0.25 cm) t h i c k ,  was welded 
t o  the  top and t o  the  bottom of the  pack, 

5 Rol l ing  Af te r  being preheated f o r  20 minutes a t  
1652T (1173"Q, t he  pack was r o l l e d  s i x  
passes  of 18% reduc t ion  each a t  2282°F 
(1523"K'j with a m i l l  speed of 40 f t . /min .  
(0.203 m / s ) .  Excess steel a t  t he  ends of 
t he  pack was removed by hot  shear ing  and 
the  pack s tored  b r i e f l y  a t  1652T (1173%). 

6 Anne a 1 i ng was annealed a t  2462°F (1623°K) f o r  
es and s to red  a t  1652°F (1173°K) 
e r o l l i n g  m i l l  furnace temperature 
g changed. 
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APPENDIX A. - DETAILED PROCESS DESCRIPTION FOR 
SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET (Continued) 

Operation no. Operation 

7 Rol l ing  

10 

11 

12 

13 

14 

Annea l i n g  

Ro 11 ing  

Annea 1 ing  

Remova 1 
of j acke t  

Elect roe  t ch ing 

Abrasive sawing 

E lec t r o e  tch ing  

Descr ip t ion  

The pack w a s  r o l l e d  one pass  of 25% reduc- 
t i o n  a t  2192°F (147390 a t  a m i l l  speed of 
80 f t . /min.  (0.406 m / s )  and sheared i n t o  
two pieces a t  2192°F (1473'K). 

The pack was annealed one hour a t  2192'F 
(1473°K) . 
The pack w a s  r o l l e d  t o  f i n i s h  gage i n  two 
passes  of approximately 25% each a t  2192'F 
(1473'K)with a m i l l  speed of  80 f t . /min.  
(0.406 m / s )  . The ends of the  pack were 
sheared a t  2192'3?(1473'K) t o  expose the  
chromium a l l o y .  The s teel  a t  t h e  s i d e s  
of t he  pack w a s  sheared wi th in  1/8" 
(0.3 cm) of t he  chromium s t r i p .  

The pack was annealed one hour a t  2192'F 
(1473%), held b r i e f l y  i n  a furnace a t  
m 2 " F  (1173°K) and cooled t o  ambient 
temperature i n  a hydrogen atmosphere. 

The pack w a s  p ick led  i n  a mixture  of 
n i t r i c ,  su lphur ic  and hydrof luor ic  a c i d s  
t o  remove the  steel  and molybdenum jacke t .  

The chromium a l l o y  s t r i p  w a s  etched 
anodica l ly  i n  a s a tu ra t ed  s o l u t i o n  of 
o x a l i c  ac id  i n  water t o  remove a layer  
0.002" (0.005 cm) t h i c k  from each sur face .  

The chromium a l l o y  s t r i p  w a s  clamped f o r  
sawing us ing  t h e  minimum force  requi red .  
Shims were inse r t ed  under t h e  s t r i p  as 
needed t o  support  cambered s t r i p .  The 
s t r i p s  were abras ive  sawed us ing  a "sof t"  
abras ive  wheel and 1/2 in./min. (0.002 m / s )  
feed rate. 

The a l l o y  w a s  e tched anodica l ly  f o r  about 
15 seconds. 
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APPENDIX A. - DETAILED PROCESS DESCRIPTION FOR 
SECONDARY FABRICATION OF CHROMIUM ALLOY SHEET (Continued) 

Operat ion no. 

15 

Operation 

Inspec t ion  

Descr ipt ion 

The p i eces  were inspected a t  low magnif- 
i c a t i o n  f o r  c r acks  o r  su r face  d e f e c t s  and 
graded as Grade A , B ,  or C. Grade A p ieces  
contained no v i s i b l e  d e f e c t s ,  Grade B 
contained minor d e f e c t s  t h a t  were not  con- 
s ide red  t o  be s e r i o u s  f o r  t h e i r  use i n  
coa t ing  s t u d i e s .  Grade C p i eces  contained 
s e r i o u s  d e f e c t s .  
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APPENDIX B. - DETAILED PROCESS 

Operation no. Operation Descr ipt ion 

1 through 4 These opera t ions  were t h e  same as  those f o r  1/16" 
s t r i p ,  

5 

6 

7 

8 

9 

10 

11 

Rol l ing  Af te r  being preheated f o r  20 minutes a t  
1652??(1173"K), t h e  pack w a s  r o l l e d  t o  gage 
i n  t h r e e  passes  of about 19% reduct ion  
each a t  2282°F (1523T)a t  a m i l l  speed of 
40 ft . /min. (0.203 m / s ) .  The pack w a s  
s to red  b r i e f l y  a t  1652°F (1173OT-9 while  a 
furnace temperature change was being made. 

Annealing The pack w a s  annealed one hour a t  2192'F 
(1473OK), then he ld  i n  a furnace a t  1652OF 
(1173OIQ f o r  30 minutes,  furnace cooled t o  
approximately 1292°F (973%) and, f i n a l l y ,  
cooled t o  ambient temperature buried i n  
i n s u l a t i n g  mater ia l .  

Remova 1 Excess steel  was sawed from t h e  ends and 
of j acke t  s i d e s  of t h e  pack. The pack w a s  pickled 

i n  a mixture  of n i t r i c ,  su lphur ic  and 
hydrof luor ic  a c i d s  t o  remove t h e  s teel  
and molybdenum j a c k e t .  

E lec t roe  t ching The chromium a l l o y  p l a t e  was etched 
anodica l ly  i n  a sa tu ra t ed  s o l u t i o n  of 
o x a l i c  ac id  i n  water t o  remove a layer  
of t he  a l l o y ,  0.002" (0.005 cm) t h i ck ,  
from each sur face .  

Abrasive sawing The chromium a l l o y  p l a t e  was abras ive  
sawed t o  the  requi red  s i z e ,  1/4" x 1" x 4". 
(0.61cm x 2.54 cm x 10.16 cm) by plunge 
c u t t i n g  i n  two o r  t h r e e  passes .  

E l ec t roe t ch ing  The a l l o y  w a s  e l ec t roe t ched  f o r  about 15 
seconds. 

Inspec t ion  The pieces were inspected a t  low magnif- 
i c a t i o n  f o r  su r face  d e f e c t s .  
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APPENDIX C. - DEVIATIONS FROM STANDARD PROCESSES 

Lot number Deviations 

37 First rolling pass mill speed was 100 fpm (0.508 m/s), mill 
stalled. The third through tenth rolling pass temperature was 
2192°F(14730K). At the conclusion of Operation 3, the pack 
was cooled from 1652°F (1173%) to ambient temperature in a 
hydrogen atmosphere. 

38 

39 

40 

42 

43 

44 

45 

46 

47 

48 

48A 

49 

50 

51 

The third through tenth rolling pass temperature was 2192°F 
(1473"Q. 
from 1652"F(1173"K)to ambient temperature in a hydrogen atmos- 
phere. 

At the conclusion of Operation 3,  the pack was cooled 

Same deviations as Lot 38 

Same deviations as Lot 38 

Mill stalled during the first pass becuase the chromium was 
wider than standard. The third through tenth rolling pass 
temperature was 2192*F(1473"Q. At the conclusion of Operation 
3 ,  the pack was cooled from 16529 (1173T) to ambient tempera- 
ture in a hydrogen atmosphere. 

Same deviations as Lot 38 

Same deviations as Lot 38 

Same deviations as Lot 38 

The third through tenth rolling pass temperature was 2192°F 
( 1473'K) 

Same deviation as Lot 46 

Same deviation as Lot 46 

Third and subsequent rolling passes temperature was 2192°F 
(1473"a  
final anneal, 

Pack was cooled to ambient temperature before the 

No deviations 

No deviations 

No deviations 
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APPENDIX C. - DEVIATIONS FROM STANDARD PROCESSES (Continued) 

Lot number 

52 No d e v i a t i o n s  

Deviat ions 

53 No dev ia t ions  

5 4  No dev ia t ions  

55 No dev ia t ions  

- NOTE: See Appendix D. f o r  t he  c o r r e l a t i o n  of h e a t s  and r o l l i n g  l o t s  f o r  
end uses .  
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APPENDIX D. - END USES OF THE 100 POUND HEAT EXTRUSIONS 

Extrusion number Rol l ing  l o t  number 

13 1- 100 

138- 100 

139- 100 

140- 100 

141- 100 

37 
3 8  
39  
40 
55  

4 2  
4 3  
44 
45  
46  
47 

Not r o l l e d ,  product 
c u t  from annealed 
ex t r u s  ion  

4 8  
48A 
49 
5 4  

50  
5 1  
52  
53  

Product s i z e ,  inches 

1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 

1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 
1/16 x 1 x 2 
1 / 1 6  x 1 x 2 
1 / 1 6  x 1 x 2 

3 / 8  x 3 / 8  x 3 
3 / 4  x 1 - 1 / 2  x 2 

1/16 x 1 x 2 
1/4 x 1 x 4 
1 / 1 6  x 1 x 2 
1/4 x 1 x 4 

1/4 x 1 x 4 
1 / 4  x 1 x 4 
1 /4  x 1 x 4 
1 /4  x 1 x 4 
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